Somatic mutations or deletions of TP53 and PTEN in ductal carcinoma in situ lesions have been implicated in progression to invasive ductal carcinomas. A recent molecular and mutational analysis of breast cancers revealed that inactivation of tumor suppressors, p53 and PTEN, are strongly associated with triple negative breast cancer. In addition, these tumor suppressors have important roles in regulating self-renewal in normal and malignant stem cells. To investigate their role in breast carcinogenesis, we knocked down these genes in human mammary cells and in non-transformed MCF10A cells. p53 and PTEN knockdown synergized to activate pro-inflammatory interleukin-6 (IL6)/Stat3/nuclear factor kB signaling. This resulted in generation of highly metastatic epithelial-tomesenchymal transition-like cancer stem cells resulting in tumors whose gene expression profile mimicked that found in basal/claudin-low molecular subtype within the triple negative breast tumors. Constitutive activation of this loop in transformed cells was dependent on proteolytic degradation of suppressor of cytokine signaling 3 (SOCS3) resulting in low levels of this protein in basal/claudin-low cell lines and primary tumors. In non-transformed cells, transient activation of the IL6 inflammatory loop induced SOCS3 expression leading to pathway inactivation. In transformed cells, enforced expression of SOCS3 or interfering with IL6 pathway via IL6R blockade inhibited tumor growth and metastasis in mouse xenograft models. Furthermore, circulating tumor cells were significantly reduced in tumor-bearing animals when treated with anti-IL6R antibodies. These studies uncover important connections between inflammation and carcinogenesis and suggest that blocking pro-inflammatory cytokines may be utilized as an attractive strategy to target triple negative breast tumors, which currently lacks molecularly targeted therapies.
INTRODUCTION
The tumor suppressor genes, PTEN and TP53, are frequently inactivated in human malignancies including breast cancers. 1, 2 Recent comprehensive molecular analyses demonstrated that 80% of basal breast cancers (triple negative breast cancer (TNBC)) harbor p53 mutation. 3 p53 also regulates asymmetric self-renewal and thus its inactivation expands stem cell population by increasing the proportion of symmetric self-renewal. 4 An intrinsic claudin-low subtype within the TNBC was recently identified based on low/absent expression of luminal differentiation markers, enrichment of epithelial-to-mesenchymal transition (EMT) and stem cell markers. 5 Interleukin-6 (IL6), a potent pleiotropic cytokine, is induced in response to acute and chronic inflammation. Suppressor of cytokine signaling 3 (SOCS3) is a critical negative regulator of IL6-mediated pathways. 6 We investigated the role of SOCS3 in p53-and PTEN-mediated activation of inflammatory feedback loop and malignant transformation. Constitutive activation of inflammatory loop in transformed cells but not in their untransformed counterparts depends on proteolytic degradation of SOCS3. Using primary breast cancer samples, we provided evidence that loss of SOCS3 expression is associated with basal breast carcinomas. These studies reveal important differences in the regulation of inflammatory cascades in benign tissues and malignant tumors. Furthermore, they identify therapeutic strategies to target cancer stem cells (CSCs) in TNBC by blocking these inflammatory loops.
RESULTS
Knockdown of p53 and PTEN in mammary epithelial cells results in activation of an inflammatory pathway and expands stem cell population In order to investigate the molecular changes induced by inactivation of tumor suppressors in breast cancer, we downregulated p53 (p53 À ) and PTEN (PTEN À ) individually or in combination (p53 À PTEN À ) in normal human mammary epithelial cells (HNMECs) and immortalized MCF10A cell line (Figure 1a and Supplementary Figure 1a ). Simultaneous knock down of p53 and PTEN in MCF10A cells results in activation of Akt/b-catenin and Stat3/ nuclear factor kB (NF-kB) pathways as well as increased expression of Vimentin and decreased expression of E-cadherin ( Figure 1a ). To determine the functional relevance of pathway activation, we utilized the non-adherent sphere forming assay to assess mammary stem cell activity in vitro. 7 p53 and PTEN knockdown in HNMECs and MCF10A cell line increased the sphere formation 2-to 10-fold compared with control or single-gene deleted cells (Figures 1b and c) . Utilizing the CSC markers, CD44 þ CD24 À 8 as well as CD49f þ EpCAM À , which represents the mesenchymal CSC phenotype 9 , we demonstrated that MCF10Ap53 À PTEN À cells display a significant increase in the CD44 þ CD24 À cell population compared with parental, p53 À or PTEN À cells (Figures 1d and e ). Although MCF10Ap53 À PTEN À cells contained an increased EpCAM À CD49f þ population, these cells also displayed a distinct EpCAM À CD49f À population not found in parental MCF10A, MCF10Ap53 À or MCF10APTEN À cells, which are predominantly EpCAM þ CD49f þ (Figures 1d and f) .
Gene expression analysis of MCF10Ap53 À PTEN À cells reveals a mesenchymal gene expression profile resembling basal/claudin-low breast cancer We observed a gradual induction of mesenchymal morphology upon culture of MCF10Ap53 À PTEN À cells as assessed by immunohistochemistry or light microscopy characterized by increased nuclear b-catenin staining and loss of E-cadherin expression at cellcell junctions ( Supplementary Figures 1b and c) . Molecular characterization of claudin-low breast cancers based on a distinct gene expression signature comprised of 1048 genes 5 revealed that claudin-low breast tumors displayed an EMT-like stem cell phenotype characterized by increased expressions of CD44 and CD49f and lacking expressions of CD24 and EpCAM. We utilized the Affymetrix Human Genome HG-U219 Strip Arrays to characterize the gene expression profiles of MCF10A, p53 À , PTEN À or p53 À PTEN À cells. Interestingly, the highest number of differentially expressed genes (560) was observed between the parental MCF10A and MCF10Ap53 À PTEN À cells compared with genes (129 and 116) that are differentially expressed between the parental and MCF10Ap53 À or MCF10APTEN À cells, respectively ( Supplementary  Figure 2a ). These findings confirm an additive effect in altering gene expression by knockdown of p53 and PTEN. Unsupervised clustering revealed 3227 genes that are differentially expressed between parental non-transformed MCF10A cells and transformed MCF10Ap53-PTEN-cells. Interestingly 903 genes out of 1048 genes that distinguish the basal/claudin-low subtype were represented in MCF10Ap53 À PTEN À cells (Figure 2a ). In addition, we evaluated the effect of p53 and/or PTEN knockdown on the expression of EMT and stem cell-related genes. Downregulation of p53 and PTEN markedly induced EMT and stem cell-related genes compared with parental, p53 or PTEN knockdown cells (Figures 2b and c) . Moreover, induction of EMT generates cells with stem cell features. 10 In agreement with these findings, EMT-related genes (Vimentin, N-Cad and Snail) are upregulated and epithelial genes (EpCAM, E-Cad, Claudin, Occludin and BMPR) are downregulated in MCF10Ap53 À PTEN À cells compared with parental cells (Figure 2d ). The functional relevance of the EMT and stem cell gene expression profile has been suggested by the increased ability of these EMTlike cells to migrate in in vitro assays. Consistent with this, MCF10Ap53 À PTEN À cells demonstrate significantly higher motility compared with parental, MCF10Ap53 À or MCF10APTEN À cells (Figures 1e and f) consistent with their EMT/CSC phenotype. SOCS3-mediated regulation of cytokines in TNBC G Kim et al p53 and PTEN knockdown transforms MCF10A cells generating aggressive metastatic tumors in NOD/SCID mice To investigate whether the molecular and phenotypic changes that were observed upon knockdown of p53 and PTEN were sufficient to transform mammary epithelial cells, we transplanted p53 and/or PTEN deleted HNMECs or MCF10A cells into humanized mouse mammary fad pads. Individual PTEN or p53 deleted NMECs characterized by increased stem cells generated atypical hyperplasia or low-grade ductal carcinoma in situ, whereas control cells generated normal ductal structures ( Figure 3a ) when these cells were introduced into cleared mouse mammary fat pads. Combined deletion of p53 and PTEN in HNMECs generated a high-grade ductal carcinoma in situ in humanized mouse fat pads ( Figure 3a ). These lesions were characterized by complete disorganization of the myoepithelial layer with reduced expression of luminal cytokeratins (CK18) and increased expression of basal markers (CK5/6) as well as enhanced proliferation as assessed by Ki67 staining (Figure 3a) . In contrast to NMECs where p53 and PTEN knockdown generated high-grade ductal carcinoma in situ, dual knockdown of these tumor suppressors transformed MCF10A cells as was demonstrated by soft agar colony formation as well as by mouse xenotransplantation assays (Figure 3b Figure 3b ). The mesenchymal enrichment of these tumors was confirmed by prominent Vimentin expression, lack of expression of the epithelial marker E-cadherin and increased rate of proliferation as assessed by Ki67 expression ( Supplementary  Figure 2d ). Consistent with our in vitro findings, these tumors displayed an aggressive phenotype characterized by spontaneous metastasis to lung ( Supplementary Figure 2d ).
MCF10Ap53 À PTEN À tumors are hierarchically organized and contain tumor-initiating CSCs To determine whether the MCF10Ap53 À PTEN À cells contain a tumor-initiating cell population, we investigated the tumor initiation potential of EpCAM/CD49f subsets in mouse xenografts. As the majority of MCF10Ap53 À PTEN À cells are CD44 positive, this CSC marker is not informative in these cells. However, MCF10Ap53 À PTEN À cells contained a distinct subpopulation of EpCAM À CD49f À phenotype compared with parental MCF10A, p53 À or PTEN À cells. To examine the tumor-initiating capacity of this subpopulation, we used fluorescence-activated cell sorting (FACS) to separate EpCAM À CD49f À , EpCAM À CD49f þ , EpCAM þ CD49f þ and EpCAM þ CD49f À cells and implanted serial dilutions of these cells into the mouse mammary fat pads and the tumor SOCS3-mediated regulation of cytokines in TNBC G Kim et al growth was monitored over 8 weeks. EpCAM À CD49f À and EpCAM À CD49f þ subpopulations as well as unsorted cells grew large and aggressive tumors that metastasized to the lung (Figure 3c ). In contrast, the EpCAM þ CD49f þ subpopulation generated significantly smaller tumors after long latency and did not generate any lung metastasis (Figure 3c ), whereas the EpCAM þ CD49f À subpopulation completely lacked tumor-initiating capacity (data not shown). Furthermore, flow cytometry analyses of CSC markers in primary tumors generated by the indicated phenotypes demonstrated predominantly EpCAM À CD49f þ (460%) or EpCAM À CD49f À (430%) populations ( Supplementary Figure 2e ). This may be attributed to the factors within the tumor microenvironment that may preferentially induce mesenchymal phenotype. To provide a molecular explanation as to why EpCAM À CD49f þ and EpCAM À CD49f À subpopulations compared with EpCAM þ CD49f þ or EpCAM þ CD49f À cells displayed a higher tumor-initiating capacity, we examined the expression of EMT-related genes in these cell populations. EpCAM À CD49f þ and EpCAM À CD49f À subpopulations expressed significantly higher levels of EMT genes, Vimentin, N-cadherin and Snail, whereas the EpCAM þ CD49f þ population expressed significantly higher levels of epithelial-related genes, EpCAM, E-Cadherin, Claudin, BMPR2 and Occludin (Figure 3d ). Moreover, IL6 expression was significantly higher in EpCAM À CD49f þ and EpCAM À CD49f À subpopulations compared with EpCAM þ CD49f þ population (Figure 3d ).
P53 and PTEN knockdown induces inflammatory cytokine production
We next investigated the molecular mechanism of malignant transformation mediated by the simultaneous knockdown of p53 and PTEN in MCF10A cells. As we have shown that MCF10Ap53 À PTEN À cells display activation of the Stat3/NF-kB pathway, we examined whether this led to an increased production of inflammatory cytokines. Inflammatory cytokines including IL6 and transforming growth factor-b (TGF-b) have previously been linked to malignant transformation and induction of EMT via activation of the Stat3/NF-kB signaling pathway. Consistent with these studies, we show by ELISA and reverse transcription-PCR 11 It was suggested that IL6 expression in breast cancer subtypes is controlled by DNA methylation at its promoter region. 12 To determine whether elevated IL6 expression was due to DNA demethylation in MCF10Ap53 À PTEN À cells, we examined the implicated CpG sites by pyrosequencing. There was no detectable IL6 promoter methylation in parental, p53 and/or PTEN knockdown cells ( Figure 4g ). Moreover, 5-aza-2 deoxycytidine, the DNA methyltransferase inhibitor, had no effect on DNA methylation in these cells (data not shown), suggesting that IL6 expression is not controlled by DNA methylation.
Downregulation of SOCS3 protein in MCF10Ap53 À PTEN À cells and breast cancer cell lines correlates with increased levels of inflammatory cytokines The mechanism of IL6 regulation is well studied in immune cells where it has been demonstrated that SOCS3 is a negative regulator of IL6-mediated immune responses. 6 To determine whether a similar mechanism regulates IL6 production in normal and malignant breast cells, we examined the expression of SOCS3 by western blotting in parental MCF10A as well as in p53 À , PTEN À and p53 À PTEN À cells. Although MCF10A cells expressed abundant SOCS3 protein, single p53 or PTEN knockdown cells expressed decreased SOCS3 protein, whereas there was no detectable SOCS3 protein in MCF10Ap53 À PTEN À cells (Figure 4h ). We further examined SOCS3 expression in number of breast cancer cell lines and demonstrated that when compared with normal, luminal and HER2-positive breast cancer cell lines, basal/claudinlow Sum159 and MDA-M231 cells that have activated IL6 feedback loop expressed low or undetectable SOCS3 protein ( Figure 4i ). We have recently shown that trastuzumab resistance is mediated by activation of an IL6 feedback loop. 13 Interestingly, decreased SOCS3 expression was found in trastuzumab resistant BT474-shPTEN-LTT compared with parental BT474 cells (Figure 4i ). To determine whether the lack of SOCS3 protein expression correlates with SOCS3 mRNA level, we examined the SOCS3 transcript levels in these cells utilizing a quantitative RT-PCR. Surprisingly, we found increased levels of SOCS3 transcripts in MCF10Ap53 À PTEN À cells compared with parental MCF10A or p53 knockdown cells ( Supplementary Figure 3a) . Increased levels of SOCS3 mRNA were also detected in breast cancer cell lines representing the basal/ claudin subtype ( Supplementary Figure 3b) , which lack SOCS3 protein expression. To investigate whether similar discordance between SOCS3 mRNA and protein expression was also present in SOCS3-mediated regulation of cytokines in TNBC G Kim et al primary human breast tumors, we compared published SOCS3 mRNA levels in primary human breast tumors with SOCS3 protein expression as determined by immunochemistry utilizing a primary breast cancer tissue microarray. Basal-like breast cancers expressed significantly lower levels of SOCS3 protein compared with normal, luminal and HER2 þ subtypes (Figure 4j) . In contrast to the loss of SOCS3 protein expression in the basal/claudin-low subtype, SOCS3 mRNA was more than twofold higher in basal/claudin-low breast cancer compared with the luminal and HER2 þ subtypes ( Supplementary Figure 3c) . These findings suggest that SOCS3 protein expression is controlled at the translational/posttranslational level.
SOCS3 protein expression is silenced via proteasomal degradation not by DNA methylation in MCF10Ap53 À PTEN À cells Although SOCS3 silencing was shown to be regulated by IL6-mediated hypermethylation of SOCS3 promoter in colorectal and hepatocellular carcinoma, 14, 15 we found no evidence of methylation at the CpG sites of SOCS3 promoter in parental MCF10A, p53 À , PTEN À or p53 À PTEN À cells or in breast cancer cell lines (MCF7, BT474, MDA-MB-231) representing luminal, HER2positive and basal/claudin-low subtypes ( Supplementary  Figure 4a ). Furthermore, IL6 or 5-aza-2 0 deoxycytidine treatment failed to alter methylation of the SOCS3 promoter in any of the cell lines tested ( Supplementary Figure 4a) . These findings suggested that constitutively activated Stat3/NF-kB signaling in MCF10Ap53 À PTEN À cells may regulate SOCS3 posttranscriptionally. We reasoned that if the proteasome degradation is controlled by IL6-or TGF-b-mediated Stat3/NF-kB signaling, then inhibiting these pathways may restore SOCS3 protein expression. We treated MCF10Ap53 À PTEN À cells with inhibitors of IL6R (Tocilizumab), TGF-b (A831), Stat3 (Stat3 Inh) or NF-kB (Bay11) for 2 or 72 h. Inhibition of these pathways in MCF10Ap53 À PTEN À cells resulted in restoration of SOCS3 protein expression ( Supplementary Figure 4b) . Consistent with these we also determined that steady-state levels of SOCS3 transcription were upregulated by the IL6/Stat3/NF-kB pathway in parental MCF10A cells ( Supplementary Figure 4c ). However, higher levels of SOCS3 mRNA in MCF10Ap53 À PTEN À cells did not translate into higher protein levels as demonstrated by western blotting (Figure 4h ), suggesting an increased protein turnover in these cells. We also utilized two different data sets and demonstrated a strong positive correlation between IL6 and SOCS3 mRNA expressions (Figure 4k ). Although SOCS3 phosphorylation was previously proposed for its rapid degradation, 16 we found no evidence of SOCS3 phosphorylation in MCF10Ap53 À PTEN À cells (data not shown). Treatment of MCF10Ap53 À PTEN À cells with proteasome inhibitor, MG132, for 2 h restored the SOCS3 protein expression, whereas inhibition of protein biosynthesis with cycloheximide completely eliminated the SOCS3 protein expression (Figure 4l, left panel) . In contrast, SOCS3 protein levels in parental MCF10A cells were not affected by the MCG132 or cycloheximide treatment (Figure 4l , right panel), suggesting a longer protein half-life in these cells. We next transfected MCF10Ap53 À PTEN À cells with SOCS3-GFP expression vector and confirmed that ectopic expression of SOCS3 is also targeted by proteasomal degradation. Although treatment of SOCS3-GFP-expressing cells with proteasome inhibitors (MG132 or PS-341) significantly increased the level of SOCS3-GFP protein, cycloheximide treatment eliminated the accumulation of this protein ( Supplementary Figure 4d) . In order to confirm the polyubiquitination of SOCS3 protein in MCF10Ap53 À PTEN À cells, we transfected these cells with flag-Ubiquitin and demonstrated SOCS3 binding to ubiquitin in these cells as demonstrated by immunoprecipitation with anti-flag antibody and western blotting with SOCS3 antibody (Figure 4m ). Figure 5 . IL6 transiently increases stem cell population but does not transform MCF10A cells and ectopic SOCS3 expression prevents IL6 feedback loop in MCF10Ap53 À PTEN À cells. (a) Percentage of CD44 þ CD24 À cells assessed by flow cytometry following 3 day treatment of MCF10A, MCF10Ap53 À , MCF10APTEN À or MCF10Ap53 À PTEN À cells with recombinant IL6 (50 ng/ml) or TGF-b (5 ng/ml) for 2 h. (b) Transiently increased CD44 þ CD24 À subpopulation in MCF10A cells is shown by flow cytometry following 3 days treatment with recombinant IL6 (50 ng/ml), then IL6 was removed from the culture and cells were analyzed at days 7 and 14. (c, d) IL6 and TGF-b production analyzed by ELISA 7 days after recombinant IL6 (50 ng/ml) or TGF-b (5 ng/ml) treatment in MCF10A, p53 À , PTEN À and p53 À PTEN À cells. (e) SOCS3 expression is analyzed by western blot analysis in MCF10A cells. Cells are treated with recombinant IL6 (50 ng/ml) or TGF-b (5 ng/ml) for the indicated time points. (f, g) IL6 production was analyzed by ELISA after stimulation of MCF10A, and MCF10A, p53 À , PTEN À and p53 À PTEN À cells with recombinant IL6 or TGF-b for the indicated time points. Mean ± s.d. (n ¼ 3), *Pp0.05, **Pp0.005.
Stimulation with recombinant IL6 or TGF-b transiently increases the stem cell population but fails to transform MCF10A cells We next assessed the ability of recombinant IL6 or TGF-b to activate a positive feedback loop and transform MCF10A cells. Iliopoulos et al. previously reported that transient IL6 exposure transforms MCF10A cells by expanding the CD44 þ CD24 À stem cell population via activation of an epigenetic switch involving IL6, Lin28, Let7 and NF-kB signaling. 17 To replicate these findings, we treated MCF10A, p53 À , PTEN À and p53 À PTEN À cells with recombinant IL6 for 3 days and assessed malignant transformation of these cells by in vitro soft agar assay as well as by their tumorigenic capacity in mouse xenografts. Contrary to the findings of Iliopoulos et al., we found no evidence of transformation in any of the cell lines treated with IL6 ( Supplementary  Figures 5a and b) . As shown in Figure 3b , although individual knockdown of p53 or PTEN tumor suppressors failed to transform MCF10A cells, knockdown of both tumor suppressors generated tumors in mouse xenograft models. Stimulation of MCF10A, p53 and/or PTEN knockdown cells with recombinant IL6 or TGF-b significantly increased the CD44 þ CD24 À population (Figure 5a , Supplementary Figure 5c ) as well as the EpCAM À CD49f þ population within 3-5 days ( Supplementary Figure 5d and e). However, this effect was transient and reversible. In the absence of exogenous IL6 addition, the CD44 þ CD24 À population returned to baseline by 14 days (Figure 5b ) when IL6 or TGF-b secretion also returned baseline levels (Figures 5c and d) . In contrast, MCF10Ap53 À PTEN À cells maintain high levels of IL6 and TGF-b secretion (Figures 5c and d) . Together, these findings demonstrate that the sustained activation of an inflammatory loop maintained by IL6 occurs in fully transformed MCF10-p53 À PTEN À but not in parental or single-gene deleted cells.
SOCS3 expression in MCF10A cells negatively controls the inflammatory feedback loop
In normal macrophages, SOCS3 expression is induced by IL6mediated Stat3/NF-kB signaling and serves as a negative regulator of this pathway. 18 We therefore examined the effects of IL6 or TGF-b on SOCS3 protein expression in MCF10A cells. IL6 or TGF-b stimulation increased the SOCS3 protein expression in MCF10A cells within 30 min to 12 h, but these levels of SOCS3 returned to below baseline after 24 h (Figure 5e ). However, SOCS3 expression returned to baseline levels following 3 days of IL6 or TGF-b stimulation (Figure 5e ). Interestingly, as determined by ELISA, IL6-or TGF-b-mediated changes in SOCS3 protein expression were inversely correlated with IL6 secretion in MCF10A cells (Figures 5f  and g) . Higher SOCS3 protein expression at the indicated time points coincided with reduced IL6 production, whereas reduced SOCS3 expression coincided with increased IL6 production. These findings provide a molecular explanation for the transient phenotypic changes in MCF10A cells characterized by increases in the CD44 þ CD24 À population upon IL6 or TGF-b stimulation at day 3. However, following the restoration of SOCS3 protein expression after 5 days, the inflammatory loop is downregulated and the CD44 þ CD24 À population returns to baseline. Ectopic SOCS3 expression in MCF10Ap53 À PTEN À cells blocks the IL6 feedback loop by inhibiting the Stat3/NF-kB signaling Our findings suggested that a reciprocal relationship exists between IL6 and SOCS3 in MCF10A cells. However, efficient silencing of this protein via proteolytic degradation in MCF10Ap53 À PTEN À cells resulted in constitutive activation of an IL6 inflammatory feedback loop. We determined whether ectopic expression of SOCS3 can block the IL6 feedback loop in transformed cells. We generated a MCF10Ap53 À PTEN À cell line stably expressing SOCS3-GFP fusion protein (MCF10Ap53 À PTEN À SOCS3 þ ). SOCS3-GFP protein is detected at the expected size about B55 kDa. Expression of SOCS3-GFP in MCF10Ap53 À PTEN À cells significantly decreased Stat3 and NF-kB activity (Figure 6a ). Increased SOCS3 mRNA expression in transfected cells was confirmed by RT-PCR assay (Figure 6b ). Furthermore, ectopic SOCS3 expression markedly reduced IL6 expression and secretion as determined by RT-PCR and ELISA assays, respectively (Figures 6c and d) . Although, strong GFP and DsRed expression in these cells precluded the examination of changes in CD44 þ CD24 À phenotype by flow, we show that CD44 mRNA expression is reversed by ectopic SOCS3 expression ( Supplementary  Figure 4e ) as well as investigated tumor-initiating capacity of these cells in mouse xenografts. SOCS3 expression or IL6 blockade inhibits tumor growth and reduces circulating tumor cells in mouse xenografts generated by MCF10Ap53 À PTEN À cells Loss of SOCS3 expression is associated with increased risk of recurrent disease, whereas higher levels are correlated with earlier tumor stage and better clinical outcome. 19, 20 Consistent with these findings, our in vitro studies suggested that SOCS3 may function as a tumor suppressor by inhibiting the IL6/NF-kB inflammatory loop, which generates EMT-like CSCs. To determine the functional relevance of SOCS3 in mouse xenografts, we implanted SOCS3 overexpressing and control MCF10Ap53 À PTEN À cells into mouse mammary fat pads and monitored the tumor growth over 8 weeks. As expected, control MCF10Ap53 À PTEN À cells generated extremely large tumors (4 1cm) within 8 weeks. In contrast, SOCS3 expression reduced tumor growth by approximately 70% and increased the tumor latency (Figures 6e and f) . We reasoned that reduced tumor growth by SOCS3-expressing cells may be due to reduced IL6 secretion from these tumors. Consistent with our in vitro assays, circulating human IL6 levels in mice bearing SOCS3-expressing tumors were markedly diminished compared with mice with control tumors (Figure 6g) .
In order to demonstrate direct role of the IL6 feedback loop in tumor growth, we utilized the IL6R antibody (tocilizumab). 21 Although docetaxel treatment failed to inhibit tumor growth, tocilizumab treatment significantly reduced the tumor growth ( Figure 6h ), suggesting that these tumors depend on an IL6 feedback loop.
DISCUSSION
Despite frequent inactivation of the tumor suppressors p53 and PTEN in breast tumors [1] [2] [3] and increased risk of breast cancer development in patients with germline mutations of p53 and PTEN, their mechanistic role in tumor development and progression has been poorly understood.
As we demonstrated, p53 and PTEN knockdown in MCF10A cells resulted in transformation of these cells and further expansion of the stem cell population compared with single gene knockdown as demonstrated by CD44 þ CD24 À and Epcam À CD49f þ stem cell markers. Consistent with the findings of Mani et al. 10 , MCF10Ap53 À PTEN À cells also displayed an increased EMT phenotype characterized by expression of EMT-related genes such as Vimentin, Snail and N-Cadherin.
Utilizing gene expression analyses, we confirmed that malignant MCF10Ap53 À PTEN À cells displayed a gene expression pattern, which closely resembled that of the basal/claudin-low breast cancer subtype. This subtype is characterized by expression of EMT and stem cell genes. 5, 22 The inflammatory cytokines IL6 and TGF-b have been found to regulate stem cells and EMT. [23] [24] [25] [26] Consistent with these data, we found that MCF10Ap53 À PTEN À cells secreted significantly higher levels of IL6 (41000-fold) and TGF-b (42-fold) compared with parental or single-gene deleted cells. When we analyzed different subsets of MCF10Ap53 À PTEN À cells, we found that Figure 6 . SOCS3 expression or IL6 blockade inhibits tumor growth in mice bearing MCF10Ap53 À PTEN À xenografts. (a) Expressions of SOCS3, phosphorylated NF-kB and phosphorylated Stat3 are analyzed by western blotting in MCF10A, MCF10Ap53 À PTEN À and SOCS3 overexpressing MCF10Ap53 À PTEN À cells. (b, c) Expressions of IL6 and SOCS3 are analyzed by RT-PCR in p53 À PTEN À and p53 À PTEN À SOCS3 þ cells. (d) Production of IL6 is analyzed by ELISA in p53 À PTEN À and p53 À PTEN À SOCS3 þ cells. (e) MCF10Ap53 À PTEN À and MCF10Ap53 À PTEN À SOCS3 þ implanted in the mammary fat pad of NOD/SCID mice and monitored over 8 weeks. (f ) MCF10Ap53 À PTEN À and MCF10Ap53 À PTEN À SOCS3 þ tumor weights are presented in bar graphs and representative macroscopic tumor pictures are in inset. (g) Human IL6 levels in mice bearing MCF10Ap53 À PTEN À or MCF10Ap53 À PTEN À SOCS3 þ tumors as well as in mice without tumor were measured by ELISA. (h) Mice with MCF10Ap53 À PTEN À tumors were treated with tocilizumab and docetaxel and tumor growth was monitored during the course of 8 weeks. *Pp0.05, **Pp0.005. EpCAM À CD49f À and EpCAM À CD49f þ subpopulations secreted significantly higher levels of IL6 and TGF-b and were more tumorigenic than other subpopulations. In addition, these subsets of cells displayed a prominent EMT phenotype. It was previously reported that addition of exogenous IL6 transforms MCF10A cells by activating an irreversible inflammatory feedback loop involving IL6/Stat3/NF-kB. 17 However, we found no evidence of transformation of MCF10A cells upon addition of recombinant IL6. Although IL6 or TGF-b treatment of MCF10A cells increased the stem cell population, these effects were transient and activation of the IL6-NF-kB inflammatory loop was not sustained following IL6 withdrawal. Furthermore, the proportion of CSCs returned to baseline over time. As a consequence, parental or single-gene deleted cells were not transformed by addition of IL6.
We demonstrated that SOCS3 is abundantly expressed in MCF10A cells where it negatively regulates the IL6 feedback loop via Stat3/NF-kB pathway. 6, 27 Unexpectedly, we found that SOCS3 protein was undetectable in MCF10Ap53 À PTEN À cells. Basal/ claudin-low breast cancer cell lines that display an activated IL6 feedback loop also had low SOCS3 protein levels. Together, these findings suggest that loss of SOCS3 protein expression allows for maintenance of the IL6-mediated inflammatory feedback loop. Despite previous reports, 14, 15 we found no evidence of methylation at the implicated CpG sites of SOCS3 promoter. In contrast, SOCS3 protein expression in MCF10Ap53 À PTEN À cells is increased upon proteasome inhibition. Although SOCS3 Tyr phosphorylation was proposed to be mediating this degradation, 16 there was no detectable phospho-SOCS3 in MCF10Ap53 À PTEN À cells. Proteolytic degradation of SOCS3 protein in turn is controlled by constitutive activation of the IL6-mediated Stat3/NF-kB pathway supporting a reciprocal relationship between Stat3/NF-kB signaling and SOCS3 expression. 28 SOCS3 inhibits IL6-mediated Stat3 signaling by binding to the Jak2 kinase domain and IL6 receptor b-chain. 29 SOCS3 homozygous deletion in the pancreas accelerates development of pancreatic intraepithelial neoplasia (PanIN) and pancreatic cancer by activating Stat3/NF-kB signaling in mouse models. 30 In addition, deletion of SOCS3 in liver cells promotes hepatocellular carcinoma. 31 Furthermore, loss of SOCS3 expression is strongly associated with increased risk of recurrent disease in breast cancer patients. 19 In line with these findings, we demonstrated that loss of SOCS3 protein expression in MCF10Ap53 À PTEN À cells has crucial role in tumor development and progression via activating IL6-mediated Stat3/NF-kB pathway. In summary, our studies reveal important differences between the regulation of inflammatory loops in normal tissues and cancer, differences which are depicted in Figure 7 . In non-transformed cells, activation of an inflammatory loop involving IL6/Stat3/NF-kB enhances the expression of SOCS3, which in turn shuts down the pathway through inhibition of IL6/Stat3. This accounts for the transient reversible activation of inflammation resulting from tissue damage. In contrast, transformation of normal mammary cells via inactivation of p53 and PTEN is accompanied by proteolytic degradation of SOCS3 leading to constitutive activation of the IL6/Stat3/NF-kB inflammatory loop. Molecular link between the tumor suppressors and SOCS3 as well as increased activity of proteolytic enzymes targeting SOCS3 will need further investigation.
SOCS3-mediated activation of inflammatory feedback loop generates EMT-like CSCs, which drive tumor growth and metastasis. The clinical relevance of this pathway is supported by our findings of reduced SOCS3 protein in the face of increased levels of SOCS3 mRNA in primary basal/claudin-low breast cancers. Furthermore, we demonstrated that enforced SOCS3 expression reduced IL6 secretion by more than 90% via inhibiting activity of Stat3/NF-kB signaling as assessed by western blotting resulted in inhibition of tumor growth and metastasis.
Our findings that IL6/Stat3/NF-kB inflammatory loop is activated in basal/claudin-low but not in luminal or HER2 þ breast cancer cell lines further support the importance of this loop in this subtype. We demonstrate that interfering with this loop through IL6R blockade represses the CSC population, reducing the tumor growth and metastasis in mouse xenografts. These studies provide a strong rationale for development of IL6 pathway-targeting agents for the treatment of basal/claudin-low tumors, an aggressive disease that currently lacks molecularly targeted therapeutics.
MATERIALS AND METHODS

Animal experiments
All mice procedures were conducted in accordance with the University Committee on the Use and Care of Animals at the University of Michigan. Humanization of mice fat pads were performed as previously described. 32 Cells infected with DsRed, p53 shRNA, PTEN shRNA or both p53 and PTEN shRNA lentiviral vectors were implanted in humanized mammary fat pads. Detailed animal procedures are provided in the Supplementary Material.
Normal mammary epithelial cells from reduction mammoplasties
Mammary tissues from reduction mammoplasties were dissociated as previously described. 33 Tissue collection protocol was approved by the internal review board (IRB). The procured tissues were confirmed to be normal by pathological examination.
Lentiviral production and infection of HNMECs and MCF10A cell line
Lentiviral vectors were constructed in house and lentiviral production was performed by the University of Michigan Vector Core facility. Details of the lentiviral constructions are provided in Supplementary Material.
Procedures of immunoblotting, immunohistochemical stainings and ELISA are provided in Supplementary Material.
RNA extraction and real-time RT-PCR
Total RNA was extracted using RNeasy Mini or Micro kit (Qiagen, Valencia, CA, USA) and 1 mg of RNA was used for making cDNA using Reverse Transcription System (Promega, Madison, WI, USA). cDNA was analyzed in triplicate using real-time quantitative RT-PCR assays in an ABI PRISM 7900HT sequence detection system with 384-well block module and automation accessory (Applied Biosystems, Carlsbad, CA, USA).
Statistical analyses
Statistical differences for indicated assays were determined using Student's t-test. When P value was less than 0.05, it was considered statistically significant. Statistical analyses of the gene expression array is described in the supplementary data.
